Acmella radicans (Asteraceae) produces at least seven alkamides, most with either an isobutyl-or phenylethyl group as the amine moiety. These moieties suggest that the amino acids valine and phenylalanine are the biosynthetic precursors of these alkamides. On the basis of labeled feeding experiments using either L-[ 2 H 8 ]valine or L-[ 2 H 8 ]phenylalanine we present evidence for the involvement of these two amino acids in the biosynthesis of (2E,6Z,8E)-N-isobutyl-2,6,8-decatrienamide (affinin) (1), (2Z,4E)-N-(2-phenylethyl)-2,4-octadienamide (2), (2E)-N-(2-phenylethyl)-nona-2-en-6,8-diynamide (3), and 3-phenyl-N-(2-phenylethyl)-2-propenamide (4). Alkamides were isolated from young A. radicans plants and analyzed by gas chromatography-mass spectrometry (GC-MS). Additionally, in cell free in vitro experiments based on isobutyl and phenylethylamide biosynthesis, using a colorimetric assay and GC-MS, valine and phenylalanine decarboxylase activities were assayed in the soluble extract of A. radicans leaves.
Acmella radicans (Jacquin) R. K. Jansen var. radicans (Asteraceae) is a plant used in traditional medicine in Mexico for the treatment of toothache. It is commonly known as the tooth herb, a name that has been frequently assigned to other plant species containing alkamides [1] . These compounds are mainly found as lipophilic constituents of the aerial parts of A. radicans, and in lower concentration in the roots.
In addition to the more widespread isobutylamides in plants, this genus is particularly characterized by the presence of aromatic groups as the amine moieties of the alkamides. One of the major alkamides found in this species is affinin [syn. spilanthol, (2E,6Z,8E)-N-isobutyl-2,6,8-decatrienamide) (1)], which was initially isolated from Heliopsis longipes [2] . This is the most widely distributed alkamide in plants [3] .
Affinin displays insecticidal [4] , fungicidal [5] , molluscicidal [6] , and antimicrobial [7, 8] activities, and more recently it has been reported that this alkamide is able to alter the growth and development of Arabidopsis thaliana [9] . Affinin and other alkamides from Echinacea, Achillea and Piper species exhibit in vitro inhibitory activity against 5-lipoxygenase and cyclo-oxygenase [10] [11] [12] [13] [14] .
The Asteraceae includes a large number of species containing alkamides in which different amines are combined, by an amide linkage, with one of a variety of unsaturated aliphatic chains [15] . Some authors proposed that the acid moiety of the alkamides could be derived from a fatty acid, with the amine moiety probably arising from amino acids by decarboxylation [16] . However, the biosynthetic pathway of this secondary metabolite is not yet sufficiently clarified. Here, we describe the incorporation of L-[ 2 H 8 ]valine and L-[ 2 H 8 ]phenylalanine , in the amine moiety of the main alkamides synthesized by A. radicans, presenting supporting evidence for valine and phenylalanine decarboxylases in the green tissue of this plant.
A. radicans cultivated in vitro accumulates at least seven alkamides with (2E,6Z,8E)-N-isobutyl-2,6,8-decatrienamide (1), (2Z,4E)-N-(2-phenylethyl)-2,4-octadienamide (2), (2E)-N-(2-phenylethyl)-2-ene-6,8-nonadiynamide (3), and 3-phenyl-N-(2-phenylethyl)-2-propenamide (4) as the major alkamides found in the green tissue [1] . The structures of the amine moieties of these alkamides ( Figure 1 ) suggest valine as the precursor of the amide moieties for affinin (1) and phenylalanine as the precursor for the aromatic alkamides (2-4). In order to test this hypothesis, experiments were carried out using two months old plants, grown in vitro. Intact plants were fed for five days with either deuterated valine (L-[ 2 H 8 ]Val) or phenylalanine (L-[ 2 H 8 ]Phe). The use of stable labeled isotopes as precursors let us establish the distribution of precursor structures within the labeled products using GC-MS methods.
After this period, extracts from control and label-fed plants were made and fractions separated as described below. All the previously reported alkamides, deuterium-labeled and the non-labeled homologous compounds were resolved from each other using GC. The gas chromatograms of the extracts from the label-fed plants revealed peaks not present in the extracts of the controls. These additional peaks corresponded to the deuterated alkamides, with retention times (Rt) that were a few seconds shorter than those of their unlabelled homologues (Table 1 ). 28.56 28.49 The percentage of deuterium incorporated into each of the newly synthesized alkamides after five days of incubation with the labeled precursor was calculated from the chromatogram peak area of each ion [17] . The results, presented in Table 2 , are an indication of the active nature of this anabolic pathway.
The total amounts of these alkamides in leaf tissue of control plants vs. the total amounts, non-labeled and labeled alkamides in plants fed with the labeled precursors are compared in Table 2 . The incorporation of deuterated valine into the amine moiety of compound 1 was very efficient compared with that of deuterated phenylalanine into compounds 2, 3, and 4. It is important to notice that the basal amount of 1 is much higher compared with the amounts of the other evaluated alkamides (2, 3 and 4). The relative ratio of non-labeled to labeled compound in the deuterium fed plants was 1.98 (1), 2.11 (2), 0.86 (3) and 1.46 (4) . If the values for each compound from the control plants are compared with the sum of labeled and nonlabeled in the deuterium fed plants, the latter values are higher, suggesting that the differences are due, probably, to the availability of the amino-acid, this, therefore, being a limiting factor for the synthesis of these alkamides. In brief, during the 5 days incubation period with L-[ 2 H 8 ]valine and L-[ 2 H 8 ]phenylalanine, the synthesis of alkamides in A. radicans plants increased compared with the control plants. This fact suggests that these plants, beside the uptake of the precursors, are also able to use the exogenous labeled precursor to synthesize alkamides. However, at present the functions of these alkamides in the plant remain unknown. The mass spectrum of unlabeled compound 1 shows, as previously reported [18, 19] , a molecular ion peak (M + ) at m/z 221, and major ions at m/z 141 and 81. The labeled compound 1 resulting from L-[ 2 H 8 ]Val incorporation has a molecular ion peak that is 8 mass units higher than the unlabeled compound 1 (at m/z 229). The fragment containing the amine moiety at m/z 149 is also 8 mass units higher; both fragments at m/z 229 and 149 include the isobutylamide fragment and are equivalent to the ions at m/z 221 and 141 in the unlabeled compound 1. The ion at m/z 81, produced by cleavage between the two allelic carbons C-4 and C-5, is common to both the unlabeled and labeled compound 1.
In a second set of experiments, deuterated phenylalanine (L-[ 2 H 8 ]Phe) fed to A. radicans plants was metabolized into aromatic alkamides in a similar manner to the aliphatic alkamide (1). L-[ 2 H 8 ]Phe was incorporated into compounds 2, 3 and 4. The GC trace showed resolved peaks for each unlabeled and labeled alkamide; the labeled molecule peaks had shorter retention times ( Table 1 ).
The mass spectrum of non-labeled compound 2, as previously reported [20] , showed prominent ions at m/z 243 (M + ), 161, 104 and 91. Labeled compound 2, produced after feeding of L-[ 2 H 8 ]Phe, exhibited ion fragments consistent with the incorporation of this amino acid (M + at m/z 250 as well as ions at m/z 167, 110 and 98 that are paralleled by ions at m/z 243, 104 and 91 in unlabeled 2). The fragment ion peak at m/z 123 is common to both the unlabeled and labeled compounds.
Mass spectra of labeled compound 3 displayed the same pattern of incorporation of L-[ 2 H 8 ]Phe as labeled compound 2. The labeled compound 3 exhibits 7 mass units higher than unlabeled compound 3, with M + m/z 258 as well as the benzylic fragment ion at m/z 98 that are paralleled by ions at m/z 251 and 91 in the unlabeled compound 3. The fragment ion peak observed at m/z 131 in unlabeled and labeled compound 3 spectrum is produced by the cleavage of the amide union. The fragment ion at m/z 104 arises in part from the phenylethylamide group in the compound 3 and is largely replaced by a peak at m/z 110 in the labeled compound 3.
Compound 4, which has two aromatic rings, incorporated two L-[ 2 H 8 ]Phe units, one into the acid moiety, trans-cinnamic acid, derived from phenylalanine via phenylalanine ammonia lyase [21] , and the other into the amine moiety, whose synthesis could arise from the decarboxylation of phenylalanine. Labeled compound 4 exhibited a molecular ion peak (M + ) that was 13 units higher than that of the unlabeled compound, which showed a M + ion at m/z 264 and ions at m/z 152, 137, 109 and 98 that are paralleled by ions at m/z 251, 131,103 and 91, respectively. The fragment ions at m/z 103 and 91 arise, in part, from the phenylethylamine moiety and are largely replaced by peaks at m/z 109 and 98 in the labeled alkamide. The fragment ion at m/z 131 arises, in part, from the carboxyl moiety and in the labeled alkamide was increased by 6 mass units. In this case, one molecule of L-[ 2 H 8 ]Phe is used to obtain trans-cinnamic acid and lost 2 deuterium atoms, whereas the phenylethylamine, which is generated via decarboxylation of L-[ 2 H 8 ]Phe, lost only one deuterium. This is supported by the observation of a diminished ion at m/z 91 and the appearance of a significant new peak at m/z 98 in all three aromatic compounds; this supports the increase by 7 units of the phenylethylamine moiety as a result of the L-[ 2 H 8 ]Phe incorporation.
Cell free system models, in isotopic labeling experiments, have been used to show that amino acids can supply precursors for the biosynthesis of, for example, macrolide antibiotics from valine [22] , the biosynthesis of dimethylsulfoniopropionate from methionine [23] , and the biosynthesis of hyperforin and adhyperforin from valine and isoleucine [24] . Capsaicin is biosynthesized by capsaicin synthase through the condensation of vanillylamine, derived from phenylalanine, and 8-methyl-6-nonenoic acid derived from valine [21] .
Our experiments present clear evidence that L- [ One could be via the intermediary of isobutylamine and phenylethylamine. This pathway may be explained by the presence of decarboxylase activity. Many amino acid decarboxylases can be assayed by measuring the release of CO 2 . However, such assays should be validated by establishing that CO 2 and amine production are in a 1:1 molar ratio because there are other reactions that can produce CO 2 . However, in order to confirm the presence of a valine and phenylalanine decarboxylase, we measured amine formation by UV absorption [25] , instead of evolved CO 2 .
By in vitro measurement of isobutylamine formation from valine, valine decarboxylase activity was readily detected in soluble extracts of A. radicans leaves. Formation of isobutylamine proceeded linearly for at least 90 min (Figure 2A) . To validate the presence of the phenylalanine decarboxylase we used either L-Phe or L-[ 2 H 8 ]Phe as substrate. In both cases, unlabeled and labeled phenylethylamine were detected with the GC-MS methodology previously described. The phenylalanine decarboxylase activity was higher than that of the valine decarboxylase ( Figure 2B ). This result is not unreasonable given that the phenylethylamine product is required for the biosynthesis of three aromatic alkamides in A. radicans. We found that absence of pyridoxal phosphate (PLP), during the enzyme extraction and assay, resulted in a 99% activity loss for both enzymes.
Our finding that A. radicans has two decarboxylases that act on free valine and phenylalanine to generate isobutylamine and phenylethylamine, respectively is important information for elucidating the alkamide biosynthetic path. Work is in progress to characterize the valine and phenylalanine decarboxylases here reported.
In conclusion, we present evidence that the biosynthesis of labeled aliphatic alkamide affinin (1) keeps the 8 deuterium atoms from L-[ 2 H 8 ]Val. However, the biosynthesis of aromatic alkamides in which the labeled aromatic alkamides 2 and 3 (aromatic moiety alkamides) showed seven deuterium atoms from L-[ 2 H 8 ]Phe, and in the labeled alkamide containing aromatic substituents in both the acidic and amine moieties (4) incorporating 13 deuterium atoms, suggests that during the final condensation step a conventional mechanism is not adequate to explain the observed isotopic labeling.
Experimental
Plant material: Acmella radicans plants were grown in vitro, as established by Rios-Chavez et al. [1] . Specimens were collected in Queserías, Colima, Mexico and voucher samples were deposited at the Instituto de Ecología AC, Patzcuaro, Michoacan, Mexico, under number IEB126. Seeds collected from ripe floral heads of plants grown in a greenhouse were used in the establishment of in vitro cultures. The seeds were surface-sterilized according to the method of Rios-Chavez et al. [1] Once the seeds were disinfected, 5 were placed in 66 mm high (100 mL) flasks containing 20 mL of complete MS (Murashige and Skoog) [26] , mineral salts and vitamins plus 30 g L -1 sucrose to which no plant growth regulators were added. The pH of the medium was adjusted to 5.7 with NaOH, then solidified with 0.9% Difco bacto agar, prior to autoclaving at a pressure of 120 mm Hg for 20 min and dispersed into flasks. Plants were grown under a photoperiod of 16/8 h for 2 months and selected for uniform development. Enzyme extraction: Leaf tissue (300 mg fresh weight) was ground in a mortar with 1 mL extraction buffer (50 mM potassium phosphate pH 8.0, 1 mM 2-mercaptoethanol, 50 µM PLP) at 4 o C, as described by Chattopadhyay et al. [27] . Leaf extracts were then centrifuged at 12,000 x g for 15 min at 4 o C; the supernatant, after centrifugation, was used for valine and phenylalanine decarboxylase enzyme activity assays.
L-[ 2 H 8 ]valine or L-[ 2 H 8 ]phenylalanine feeding: In vitro

Valine decarboxylase assay and product identification:
The reaction mixture consisted of 50 mM potassium phosphate buffer, pH 7.5, 1 mM pyridoxal phosphate, 20 mM valine, and crude enzyme solution (300 µL, 3 mg protein content) in a total volume of 1.8 mL. Assays were performed at 42 o C, as previously described by Garg et al., [28] . At suitable time intervals, 300 µL aliquots were removed from the reaction vessel and placed in an ice bath with 100 µL acetone to stop the reaction. All reactions were performed in triplicate. Protein was quantified by Bradford's method, [29] using bovine serum albumin as standard. The isobutylamine product of valine decarboxylase was analyzed as described by Varma and Gaikwad [25] .
Phenylalanine decarboxylase assay and product identification:
The reaction mixture consisted of 50 mM potassium phosphate buffer, pH 8.5, 1 mM pyridoxal phosphate (PLP), 20 mM of phenylalanine and crude enzyme solution (300 µL, 3 mg protein content) in a total volume of 1.8 mL. Assays were performed at 37 o C. At suitable time intervals, 300 µL aliquots were removed from the reaction vessel, placed in an ice bath, and 100 µL of ethyl acetate added to stop the enzymatic reaction. The phenylethylamine product of phenylalanine decarboxylase was extracted by adding 1 mL of ethyl acetate and shaking for 2 min. The organic and aqueous phases were separated by 3 min centrifugation in an Eppendorf model 5415R microcentrifuge. The organic phase was transferred to a clean vial, evaporated under a stream of nitrogen, the residue re-suspended in 200 µL of ethyl acetate, and the samples analyzed by GC-MS.
GC-MS analyses:
These were performed in an Agilent Technologies 7890A GC System equipped with a capillary column [HP-5MS (30 m x 0.25 mm; 0.25 µm)] coupled to a mass selective detector (Hewlett Packard 5973N MSD). An HP 7683B autoinjector was used. The sample (1 μL) was injected with a split ratio of 5:1. Operating conditions were: injector temperature 250 o C; oven temperature programmed as: initial temperature 150 o C for 3 min, then increasing at a rate of 4 o C/ min to a final temperature of 280 o C, which was maintained for 25 min. Helium was used as carrier gas with a constant flow of 1 mL/ min. MS temperatures were: EI source 230 o C, and MS Quadrupole 150 o C. Individual alkamides were identified by comparison of their MS and retention times with their standards and NIST, as described above.
